Abstract. Epoxy/multiwall carbon nanotubes (MWCNT) composites were prepared using sodium salt of 6-aminohexanoic acid (SAHA) modified MWCNT and its effect properties of related composites were investigated. The composite prepared using a polar solvent, tetrahydrofuran exhibits better mechanical properties compared to those prepared using less polar solvent and without using solvent. The tensile properties and dynamic storage modulus was found to be increased as a result of modification of MWCNT with SAHA. This improvement in the tensile properties and dynamic mechanical properties of epoxy/MWCNT composite is a combined effect of cation-! interaction and chemical bonding. Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy were used to explain cation-! interaction between SAHA with MWCNT and chemical bonding of SAHA with epoxy resin. The effect of modification of MWCNT on morphology of a nanocomposite was confirmed by using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The present approach does not disturb the ! electron clouds of MWCNT as opposed to chemical functionalization strategy.
Introduction
Carbon nanotubes (CNTs)-based polymer composites have many potential applications due to their extraordinary properties [1] [2] [3] [4] [5] [6] [7] [8] [9] . CNTs offer significant improvements in the various properties of polymers for wide variety of applications. Initial academic research on polymer/CNT nanocomposites has been focused on single wall carbon nanotubes (SWCNT) because of their simpler structure. However, the extremely high cost of SWCNT considerably restricts the commercialization of CNT-based composites. Nowadays, the production of multiwall carbon nanotubes (MWCNT) has already been scaled up by the industries and therefore the research interest has been diverted towards the technological proliferation of MWCNT-based systems [10] [11] [12] . However, the strong tendency of MWCNT to form agglomerates (due to Van der Waals forces) makes the nanotubes incompatible with the polymer matrix. Hence, homogeneous dispersion of MWCNT still remains as a great challenge. Several strategies such as high shear mixing, ultrasonication, surface oxidation (covalent functionalization) and the use of surfactant have been addressed to overcome the obstacle of agglomeration [13] [14] . The surface oxidation is most widely used to achieve the desired properties. However, generation of functional groups due to the surface oxidation create the structural defect to the MWCNT (which disturb the ! electron cloud) and deteriorate the intrinsic properties of MWCNT. Recently, 'cation-!' interaction by using surfactant has been realized as the best way to achieve good dispersion of MWCNT and interfacial interaction [15] [16] [17] [18] . The cation of such modifiers interacts with the ! electron clouds of MWCNT and reduces the Van der Waals force. This method does not disturb the ! electron clouds of MWCNT. In the present paper, we described the cation-! interaction using a sodium salt of 6-aminohexanoic acid (SAHA) as a modifier and MWCNT into the epoxy matrix. Though the modifier has been used for melt blending process by others [16] , to our knowledge it has not been directly used for thermoset epoxy matrix. Studies on epoxy/MWCNT composites are reported to date are mostly related to high T g (glassy) epoxy systems [19] [20] [21] [22] [23] [24] . In the present paper, we used rubbery epoxy matrix (T g~5°C ) to study the reinforcing effect of MWCNT because the reinforcing effect in a flexible matrix is more prominent than that observed in a glassy one [25] . The rubbery epoxies are particularly important because of their use for vibration damping application [26] . However, poor mechanical properties of such flexible epoxies are a major drawback which restricts their application. That is why we used MWCNT to improve the mechanical properties of such rubbery epoxy. The modifier SAHA is designed in such way that it contains a cation (Na + ), which interacts with the ! electron clouds of MWCNT via cation-! interaction and the free -NH 2 group can form chemical bonding with the epoxy resin. In this way, the nanotubes become an integral part of cross linking through chemical bonding between SAHA and epoxy resin. This provides an effective load transfer from epoxy matrices to nanotubes for the enhancement of mechanical properties. The nanocomposites prepared by using the present method is expected to improve dispersion of MWCNT in the flexible epoxy matrix. The effect of SAHA modified MWCNT on the mechanical, dynamic mechanical properties and morphology of the epoxy matrix will be discussed in the present paper.
Experimental 2.1. Materials
Epoxy resin diglycidyl ether of bisphenol A (DGEBA) (LY556) was purchased from Vantico (USA). Poly(oxypropylene) diamine (Jeffamine ED900, Sigma Aldrich, USA) was added as a curing agent for epoxy. MWCNT (Baytube ® 150P) was procured from Bayer Material Science AG (Leverkusen, Germany). The MWCNTs synthesized by the chemical vapor deposition (CVD) method having purity 95% with diameter in the range of 5-20 nm and the length 1-10 "m. 6-aminohexanoic acid (purity -98%) and sodium hydroxide (98%) were purchased from Merck chemical, Germany. Acetone and tetrahydrofuran were used as received and purchased from Merck chemical, Germany.
Preparation of nanocomposites
The SAHA modified MWCNT was prepared by mixing of 6-amino hexanoic acid, sodium hydroxide (1:1 mass ratio w/w) and MWCNT in 100 mL distilled water in 250 mL beaker. The mixture was sonicated for 20 min using a probe sonication (Bandelin Ultrasonic homogenizer, SONOPULS HD-3200, working frequency 20 kHz, Germany), keeping the beaker immersed in cold water. The water was removed by applying vacuum and the mixture was dried at 100°C for 24 h. Composites with unmodified and SAHA-modified MWCNT were prepared using small amount (20 wt%) of solvent. A typical procedure for preparation of nanocomposites using solvent is described as follows. 0.125 g MWCNT was added into solvent and sonicated using a probe sonication for 1 h. 25 g epoxy resin was added into it and the mixture was again sonicated for 20 min, keeping the beaker immersed in cold water. The solvent was removed by applying vacuum. Then, 19 g of curing agent (JeffamineED 900) was added into the mixture, mixed uniformly for 15 min, degassed for 10 min and allows to cure in Teflon mold at 80°C for 6 h. Figure 1 illustrates the flow chart of nanocomposites preparation by using solution. The composites prepared using solvent with unmodified MWCNT and SAHA-modified MWCNT are designated as epoxy/MWCNT(0.5 wt%) and epoxy/ MWCNT (0.1, 0.25, 0.5, 0.75, 1, 1.5 and 2 wt%)/ SAHA, respectively. For comparison the epoxy composite with SAHA modified MWCNT was also made without using solvent. A typical procedure for nanocomposites prepared without using solvent is described as follows. 0.125 g MWCNT was added into 25 g epoxy resin and stirred for 2 h using mechanical stirrer. 
Microscopic properties
A high resolution scanning electron microscope (FEG-SEM, Zeissa Supra 40 VP, Germany) was used to study the fractured surface morphology of epoxy/MWCNT composite samples. The composite samples were quenched in liquid nitrogen and cryogenically fractured to obtain the cross sections, which were sputter coated with carbon to avoid the charging before the SEM observation. High resolution transmission electron microscope (HRTEM) analysis of the epoxy/MWCNT composite samples was conducted on a JEOL, (JEM-2100, Japan) electron microscope at 200 KV. Ultra-thin sections of composite films were prepared with the thickness of 130-150 nm for TEM imaging using Leica ultracut microtome (Leica Mikrosysteme, GmbH, A-1170, Austria) using liquid nitrogen. 
Spectroscopic properties

Thermal properties
Thermal behavior of neat epoxy and epoxy/ MWCNT composites was studied with DSC (TA instruments Q100 series, USA). About 6-10 mg of sample was placed in an aluminium pan and heated from -80 to 100°C with a heating rate of 5°C·min -1 and cooled to room temperature. The reference was an empty aluminium pan. Thermogravimetric analysis (TGA) of neat epoxy and the epoxy/MWCNT composite samples were carried out on a thermogravimetric analyzer, TA Instrument (TGA Q500, USA). 6-8 mg of sample was heated from room temperature to 800°C at a heating rate of 20°C·min -1 under nitrogen atmospheres.
Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) of the neat epoxy and epoxy/MWCNT composite samples was carried out using a dynamic mechanical thermal analyzer (MK IV, Rheometric Scientific, USA). The test specimen was cooled to -80°C, allowed to stabilize and then heated at a rate of 3°C/min to 100°C. Liquid nitrogen was used for sub ambient region. Dynamic modulus and loss modulus were obtained by a dual cantilever mode for the sample of size 30#$ 10#$ 2 mm 3 using a fixed frequency of 1 Hz. 3. Results and discussion 3.1. Reaction of modified MWCNT with the epoxy resin A good dispersion of MWCNT and interfacial adhesion with the polymer matrix are absolutely necessary to achieve desirable properties of composites. In the absence of sufficient interfacial adhesion between the nanotubes and the polymer, the tubes will be simply pulled-out and will not contribute towards the enhancement of mechanical properties of the composites. We used SAHA to resolve the problem of the good dispersion and interfacial adhesion. SAHA can interact with ! electron clouds of MWCNT (via cation-! interaction) which improves dispersion of MWCNT and also it can form chemical bonding with the epoxy resin. In this way, the nanotubes become an integral part of cross linking through chemical bonding between SAHA and epoxy resin. This provides an effective load transfer from epoxy matrices to nanotubes for the enhancement of mechanical properties. The cation-! interaction and chemical modification of MWCNT will be discussed subsequently in spectroscopic analysis section. Schematic representation of the cation-! interaction between SAHA with MWCNT, chemical bonding of amino groups of SAHA with epoxy resin and formation of epoxy network is shown in Figure 2. Table 1 shows the tensile properties of epoxy/ MWCNT(0.5 wt%)/SAHA composites, made using two solvents namely acetone and tetrahydrofuran separately. For comparison the composites with 0.5 wt% SAHA modified MWCNT was also made without using solvent ( Table 1 ). The MWCNT to SAHA ratio was maintained as 1:1(w/w). It was observed that the epoxy/MWCNT(0.5 wt%)/SAHA composite made using solvent is much more effective in improvement of tensile properties compared to the composite made without using solvent. This can be attributed to the fact that solvent interacts This explained that the nature of the solvent is also an important factor to improve the performance of MWCNT in the epoxy matrix. The amine groups of SAHA provides good compatibility with THF compared to the acetone, this leads to debundling of MWCNT and stable suspension of MWCNT. About 54 and 150% improvement in tensile strength and tensile modulus was obtained for composite prepared using THF. In this case, only 20 wt% of solvent was used (low molecular weight) for composites preparation, which is much less compared to that used for thermoplastics composite (> 90%). From the above results, THF was used as a solvent for further synthesis and characterization of epoxy/ MWCNT composites. The tensile properties of epoxy/MWCNT(0.5 wt%)/ SAHA composites were made with different MWCNT to SAHA ratio is presented in Table 2 .
Tensile properties of composites
The ratios of MWCNT to SAHA were maintained as 1:0.5, 1:1, 1:1.5, and 1:2 (w/w). Among all the composites, the composites prepared by using 1:1.5 MWCNT to SAHA ratio showed the best improvement in the tensile strength and tensile modulus ( Table 2) . It exhibited around 68 and 170% improvement in the tensile strength and tensile modulus, respectively. This indicates that the addition of optimum concentration (1:1.5) of SAHA and MWCNT resulted in a significant improvement in tensile properties of the composites. This improvement in the tensile property is a combined effect of improved dispersion of MWCNT in the epoxy resin and chemical bonding between the SAHA and the epoxy resin. The good dispersion of MWCNT can be explained in terms of cation-! interaction between cation of SAHA and ! electron of MWCNT. This type of interaction reduces the Van der Waals interaction present within the nanotubes and promotes their debundling. Beyond the optimum concentration of modifier (1:1.5), it does not contribute towards improvement in dispersion and interfacial adhesion, but interfere in curing reaction because of the presence of free amine group. This increases the stoichiometric imbalance in the epoxy/reaction, resulting in deterioration in properties. Similar observation was reported in literature [18] . Hence, 1:1.5 MWCNT to SAHA ratio (referred as SAHA modified MWCNT) was considered as an optimum one and the same was used further for preparation of varying concentration of epoxy/MWCNT composites. A series of epoxy/MWCNT composites were made using varying concentration of SAHA modified MWCNT and their tensile properties were evaluated. The representative stress-strain curve of neat epoxy, epoxy/MWCNT(0.5 wt%), and epoxy/ MWCNT(0.5 wt%)/SAHA composites are presented in Figure 3 and the tensile properties are Table 1 . Tensile properties of epoxy/MWCNT(0.5 wt%)/SAHA composites prepared by using solvent (THF and acetone) and without using solvent summarized in Table 3 . The % elongation at break was found to decrease significantly due to the incorporation of MWCNT into the epoxy matrix ( Figure 3 ). The increased tensile modulus is more prominent in case of modified MWCNT compared to unmodified MWCNT composites. It can be seen that from Table 3 , the tensile properties of epoxy/ MWCNT composite increased with increasing concentration of MWCNT up to 1 wt % and decreased thereafter. Addition of 1 wt% SAHA modified MWCNT into epoxy matrix showed around 90, and 264% improvement in tensile strength and tensile modulus, respectively. This improvement can be attributed to the good dispersion of MWCNT into the epoxy matrix. The decreased tensile properties of composites beyond 1 wt% due to agglomerated MWCNT, as evidenced by SEM and TEM which will be discussed in subsequent section.
Microscopic analysis
The epoxy composite prepared using unmodified MWCNT and SAHA modified MWCNT were characterized by SEM to study the dispersion state of MWCNT in the epoxy matrix. The composite samples were cryogenically fractured and the fracture surface was subjected to SEM analysis. (Figure 5b and 5c ). This can be explained by considering fact that the debundling of nanotubes due to the cation-! interaction and chemical bonding as described in Figure 2 . TEM photograph of epoxy/MWCNT(1.5 wt%) /SAHA composite indicates that at higher concentration of MWCNT it is difficult to prevent the agglomeration. This explains why tensile property decreases beyond 1 wt% MWCNT as discussed earlier.
Spectroscopic analysis
Raman spectrum for MWCNT, SAHA modified MWCNT and epoxy/MWCNT(1 wt%)/SAHA composite is shown in Figure 6 . The spectrum of unmodified MWCNT shows two characteristics peak of G and D band. The D band of MWCNT arises due to the disorder graphitic structure, and corresponding G band is due to tangential stretching of carbon carbon bond. There is no shift in the peak position of G band and D band of MWCNT, when MWCNT mixed with SAHA. This observation confirms that the modification of MWCNT with SAHA did not generate any defect on to the surface of MWCNT. It was also observed that upon modification the peak intensity of G and D band shifted towards higher intensity. Epoxy/MWCNT/SAHA composite also shows the higher peak intensity of G and D band of MWCNT compared to the unmodified MWCNT and SAHA modified MWCNT. The higher peak intensity of MWCNT after modification can be explained by considering the cation-! interaction (between SAHA and MWCNT) which is responsible for reduction of Van der Waals force within the MWCNT resulting in their good dispersion in polymer matrix [18, 27] .
The FTIR spectra of SAHA, SAHA modified MWCNT, neat epoxy and epoxy/MWCNT(1 wt%)/ SAHA composite samples are presented in Figure 7 . The SAHA shows a characteristic peaks at 1563 cm -1 corresponds to C=O stretching of carboxylate group. The C=O stretching peak of carboxylate group is shifted from 1563 to 1571 cm -1 for SAHA modified MWCNT. This can be explained by considering the cation-! interaction between the SAHA and MWCNT. The cation of SAHA interact with ! electron cloud of MWCNT and reduces the effectiveness of dislocation of negative charge on oxygen atom of the carboxylate ion by reducing the electron density on the charged oxygen atom; resulting in higher wave number of the carboxylate group. The epoxy/MWCNT(0.5 wt%)/SAHA composite also exhibits a shift of the peak of corresponding C=O group of the carboxylate ion from 1563 to 1580 cm -1 . It can be noted that the less intense peak at 1580 cm -1 appear also in case of the neat epoxy which corresponds to Ar-C=C-H stretching. The same peak obtained for epoxy/MWCNT(0. 5wt%)/SAHA composite has stronger intensity. This can be attributed to overlapping of carboxylate ion peak and Ar-C=C-H group stretching in this region. Table 4 shows glass transition temperature of the neat epoxy, epoxy/MWCNT and epoxy/MWCNT/ SAHA composites measured by DSC and DMA. It was observed that the T g of all composite sample shifted towards the lower temperature compared to T g of the neat epoxy which will be discussed in DMA analysis in subsequent section. In order to study the effect of addition of the modified MWCNT on the thermal stability of composites, the neat epoxy and the epoxy/MWCNT/SAHA composite samples were subjected to TGA and results are shown in Figure 8 . It can be seen that, the epoxy/MWCNT/ SAHA composite exhibited higher thermal stability compared to the neat epoxy. This improvement in the thermal stability of the epoxy/MWCNT composite is due to well dispersed nanotubes and strong interfacial adhesion between nanotubes and epoxy matrix. The strong interfacial adhesion of MWCNT with epoxy matrix reduces the mobility of the epoxy matrix around the nanotubes and thereby enhances the thermal stability [28] .
Thermal analysis
Dynamic mechanical analysis
The storage modulii as a function of temperature for the neat epoxy, epoxy/MWCNT(0.5 wt%), epoxy/ MWCNT(0.5 wt%)/SAHA, epoxy/MWCNT(1 wt%) and epoxy/MWCNT(1.5 wt% SAHA) composite are shown in Figure 9 . The epoxy/MWCNT(0.5 wt%) composite exhibits the moderate improvement in the storage modulus compared to the neat epoxy. This can be explained by the inert surface of unmodified MWCNT cannot make any kinds of interaction with epoxy matrix (Figure 4 and Figure 5 ). On the other hand, epoxy/MWCNT(0.5 wt%)/SAHA and epoxy/MWCNT(1 wt%)/SAHA composites show significant improvement in the storage modulus. This is due to the reinforcing effect of MWCNT. The reinforcing effect is a result of good dispersion and strong interfacial adhesion (chemical bonding) between nanotubes and epoxy matrix. The good dispersion of MWCNT is believed to originate from the cation-! interaction and interfacial adhesion due to the chemical bonding of SAHA and epoxy matrix (Figure 2 ). The lowering of storage modulus in case of epoxy/MWCNT(1.5 wt%)/SAHA compared to epoxy/MWCNT(1 wt%)/SAHA composites clearly indicated that reinforcing effect of MWCNT decreased when concentration of MWCNT goes beyond 1 wt%. This supports the tensile, SEM and TEM results as discussed earlier.
The loss tangent vs. temperature plot of neat epoxy, epoxy/MWCNT(0.5 wt%), epoxy/MWCNT(0.5 wt%)/ SAHA, epoxy/MWCNT(1 wt%)/SAHA and epoxy/ MWCNT(1.5 wt%)/SAHA are shown in Figure 10 .
All the composites show reduction in the tan ! peak height due to the addition of MWCNT. This indicates that the restricted mobility of polymer chain which increases rigidity and stiffness of the composites. The moderate reduction in the tan ! peak height in case of epoxy/MWCNT composite indicates the absence of any interaction (cation-! and chemical bonding) between MWCNT with epoxy matrix. On the other hand, a significant decrease in the tan ! peak height was observed due to the addition SAHA modified MWCNT ( Figure 10 ). This is because SAHA modified MWCNTs (well dispersed) restrict the segmental motion of the epoxy around the nanotubes surface. The glass transition temperature of neat epoxy and all the composite samples are listed in Table 4 . It can be noted that the glass transition temperature (T g ) tends to decrease due to 
Conclusions
A detailed study on effect of SAHA modified MWCNT on tensile properties; thermomechanical properties and dispersion of MWCNT have been conducted. The dispersion of MWCNT in the epoxy matrix is significantly improved due to the use of SAHA as a modifier. The addition of optimum concentration of modified MWCNT(1 wt%) resulted in around 90 and 264% improvement in the tensile strength and tensile modulus, respectively. The good dispersion of MWCNT is a result of cation-! interaction between SAHA and MWCNT. The present approach does not disturb the ! electron cloud of CNT as opposed to chemical functionalization.
